Here we report measurements of the temperature profile in a radiative precursor shock, deliberately produced to be suitable for modeling by simulations. In particular, one goal was to produce a radiative precursor shock that may be used to test current astrophysical codes. To do this, two criteria must be met. There must be a purely hydrodynamic intermediate state after the laser pulse. Astrophysical codes do not and
should not try to model laser absorption physics. In this experiment, shocking a plastic slab and letting it expand into a vacuum gap achieve this goal. This allows the system to obtain a hydrodynamic state from which the radiative effects arise. There must also be temperature profile measurements to compare to the code predictions. This is achieved in the experiment by means of x-ray crystal spectrometry.
In related prior work, UV emission was observed when a radiative precursor reached a gold obstacle in a xenon shock tube [7] . This prior experiment provided evidence that the phenomenon exists but was not very suitable for detailed study as the small laser spot led to very complex hydrodynamics and the diagnostic did not produce data regarding the structure of the precursor [8] . Other related work has included studies of the transport of radiation from an x-ray source into a low-density medium [SI and studies of blast waves in gases that involve electron heat conduction and radiative heat transport [lo] .
In this Letter, we report direct observations of such a hydrodynamically-driven, radiative-precursor shock. The radiative precursor is observed using x-ray absorption spectroscopy. Comparing the observed silicon absorption to simulated spectra yields a temperature profile of the radiative precursor. The peak temperature and the length of the radiative precursor from the shock are found to depend on the drive beam power.
Evidence of a threshold shock velocity to produce a radiative precursor is also presented.
The targets consist of a sequence of layers. A 60 pm slab of 1.2 g/cm3 polycarbonate plastic is followed by a 150 pm vacuum gap, and then by 2000 pm of S O , aerogel foam. The density of the foam was varied from 5 mg/cm' to 15 mg/cm3, however for the cases examined here the foam density is 9.6 mg/cm3. The targets are contained in The temperature profile will be discussed in more detail later. Figure 3 presents the density profile from a HYADES simulation using the experimental parameters of the data shown in Figure 2 . As seen in Figure 2 , the position of the forward shock is roughly 640 pm. This measurement differs from the HYADES simulation by less than 1 %, indicating excellent, indeed perhaps fortuitous, agreement.
We attribute the flat shelf behind the shocked foam to the rarefaction of the leading edge of the plastic slab, which can form such a shelf as described for example in Zeldovich and Razier. [ 141 Figure 4 compares the temperature profile predicted by the HYADES code with the experimentally determined temperature profile for the conditions previously described. Clearly, there is a large discrepancy between the experiment and the simulation results. HYADES predicts a much higher temperature for the radiative precursor region. Experimentally, the temperature is highest at the forward shock and then quickly decreases in magnitude. The foam is heated to a couple of eV out to roughly also less than the HYADES prediction of 500 pm.
The length of the radiative precursor depends sensitively on the laser drive power, among other parameters. By decreasing the drive beam laser intensity from 8.5 x 1014 W/cm2 to 7.3 x lOI4 W/cm2 while keeping all other parameters constant, the radiative precursor decreases in length and temperature. The experimentally measured temperature profile is much less than that predicted by HYADES and the length of the radiative precursor is also less than predicted by HYADES. The data indicate that increasing the laser drive will increase both the peak temperature and the length of the radiative precursor. Although the temperature profiles predicted by HYADES do not agree with the experiments, the general trend of a larger radiative precursor with a greater laser drive power is upheld.
By lowering the laser drive power sufficiently, the radiative precursor is not observed. In another experiment, the target used a 100 um plastic slab, the laser drive irradiance was 3 . 4~1 0 '~ W/cm2, the foam density was 5 mg/cm3 and the backlighter timing was 8 ns. Figure 5 compares the experimentally measure profile to the HYADES prediction. For these parameters, a small radiative precursor is observed with a peak temperature of only a few eV and extending roughly 100 microns ahead of the forward shock. There is a large discrepancy between the experiment and HYADES predictions.
A simple estimate of the minimum shock velocity required to produce a radiative precursor is presented here. A radiative precursor will be present if the number of ionizing photons radiated from the shock front exceeds the number atoms approaching the shock front. The electron and ion temperatures are assumed to be equal, and only temperatures well above the ionization energy are considered. The flux of photons is found, by integrating over the Plank distribution, to be 2 . 4~1 O~~~q t 2 (p/(Am,,))vs, where T,, is the electrodion temperature in eV, E is the emissivity, p is the density, A is the average atomic mass per ion and mp is the proton mass. For an ionic charge, Z, the temperature is related to the shock velocity, v,, by the modified standard relation, Substituting and solving for v, yields a threshold shock velocity for when a radiative precursor is produced
Although the shock velocity is not directly measured in these experiments, it can be estimated from the HYADES simulations. The shocked material is optically thick so E -1. For the experimental parameters, the minimum shock velocity required for the ionization of 3 that corresponds to the lower-irradiance experiment is v, 2 6 7 W s .
For the higher laser irradiance experiments, HYADES predicts shock velocities of approximately 100 W s . However, for the lower laser irradiance experiments, HYADES predicts a shock velocity of approximately 60 W s . Comparing the velocities from these predictions to the threshold velocity, a radiative precursor should be seen in the higher irradiance case while one should not be observed in the lower irradiance case.
Qualitatively the data supports this even without shock velocity measurements..
However, there is still significant disagreement between the temperature profiles of the experiments and the simulations. More detailed measurements of the shock velocity and the threshold behavior of the radiative precursor are planned.
In summary, a radiative-radiative precursor shock has been observed in a hydrodynamically-driven system. The peak temperature and the length of the radiative precursor depend on the laser drive power. Although the temperature profiles do not fit the predictions of the HYADES simulations, the general trend of a larger radiative precursor with greater laser drive power is upheld. The data also suggests there is a threshold shock velocity needed to produce a radiative precursor. The experimental data is consistent with an analytic approximation of the threshold shock velocity. A more detailed study of this threshold is needed to determine the actual shock velocities and the conditions under which the radiative precursor appears. Future experiments will be designed to address these issues. 
